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Edited by Miguel De la RosaAbstract Closure of the two domains of 3-phosphoglycerate ki-
nase, upon substrate binding, is essential for the enzyme function.
The available crystal structures cannot provide suﬃcient infor-
mation about the mechanism of substrate assisted domain closure
and about the requirement of only one or both substrates, since
lattice forces may hinder the large scale domain movements. In
this study the known X-ray data, obtained for the open and
closed conformations, were probed by solution small-angle X-
ray scattering experiments. The results prove that binding of
both substrates is essential for domain closure. Molecular graph-
ical analysis, indeed, reveals formation of a double-sided H-bond
network, which aﬀects substantially the shape of the main molec-
ular hinge at b-strand L, under the concerted action of both sub-
strates.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Relative movement of protein domains, as a manifestation
of the conformational ﬂexibility (cf. reviews [1–6]) is frequently
involved in the mechanism of action of various enzymes,
including several members of the kinase family, an ubiquitous
group of enzymes [7]. Domain closure over the enzyme active
sites often creates an optimal environment for catalysis, reori-
ents the substrate reactive groups and/or impedes side-reac-
tions. The structural principles that govern these domain
motions, however, are not always understood. There are at-
tempts of classiﬁcation of the motions at the level of super sec-
ondary structure (e.g. by deﬁning hinges or rotational axis) [2],
however, there are not yet many detailed descriptions of these
large-scale conformational changes in terms of side-chain andAbbreviations: PGK, 3-phospho-D-glycerate kinase; ATP, 3-phospho-
D-glycerate 1-phosphotransferase (EC 2.7.2.3); 3-PG, 3-phospho-D-
glycerate; 1,3-BPG, 1,3-bisphosphoglycerate; AMP-PNP, b,c-imido-
adenosine-50- triphosphate; AMP-PCP, b,c-methylene-adenosine-5 0-
triphosphate; SAXS, small angle X-ray scattering
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doi:10.1016/j.febslet.2006.04.024backbone interactions, and the role of substrates in mediating
domain motions is poorly understood.
3-Phospho-D-glycerate kinase (PGK) is a typical hinge-
bending enzyme with two structural domains of about equal
size [8–10], to which each of the two substrates are bound
[11,12]. PGK with its conserved primary structure and tertiary
fold, including a well-structured inter-domain region, is a suit-
able model to study the domain–domain interplay and its reg-
ulation by the substrates. A large body of enzymological and
structural information accumulated about PGK oﬀers a possi-
bility to get a closer insight into the operation of its assumed
molecular hinges at atomic level and into the mechanisms of
action of the two substrates.
PGK is an essential enzyme for all living organisms. It catal-
yses the phospho-transfer from 1,3-bisphosphoglycerate (1,3-
BPG) to MgADP and produces 3-phosphoglycerate (3-PG)
and MgATP during the carbohydrate metabolism. In addition
to its physiological role, human PGK was shown to phosphor-
ylate L-nucleoside analogues, which are potential drugs
against viral infection and cancer [13–16].
The C-terminal domain of PGK binds the nucleotide sub-
strates (MgADP or MgATP) [12,17], while the N-terminal do-
main binds 3-PG [11] or possibly, 1,3-BPG (there is no
structural evidence for the binding site of the latter unstable
substrate). X-ray crystallographic data on PGK from various
sources suggest that domain closure, required by the catalysis,
will take place in the presence of both bound substrates, i.e.
only in the enzyme–substrate ternary complex [18,19]. How-
ever, in some cases (e.g., pig muscle PGK), large-scale domain
movements are apparently prevented by the crystal lattice
forces [20,21], and therefore, additional experiments on solubi-
lized enzyme are required to clarify the role of each substrate in
domain closure. Small angle X-ray scattering (SAXS) is an
eﬀective method to study the overall structure of macromole-
cules and, in particular, to validate the crystal structure in
solution (see e.g. [22] for a review). Earlier SAXS experiments
with solubilized PGK-s, however, either investigated only the
ternary substrate complexes of the pig muscle enzyme [23] or
provided ambiguous results concerning the binary complexes
of the yeast enzyme [24–26]. In the present work this question
is reassessed by a comprehensive SAXS study of various en-
zyme–substrate complexes of the wild type human PGK. The
sequence of the latter enzyme is identical up to 97% with that
of pig muscle PGK. From the total 417 amino acid residues
405 are identical, 10 are strongly similar in their nature andblished by Elsevier B.V. All rights reserved.
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in the two sequences. Although X-ray structure has not been
determined for human PGK, on this basis highly similar
three-dimensional structures can be assumed for the human
and pig muscle enzymes. In accordance, the two enzymes are
indeed, very similar in both kinetic and physico-chemical as-
pects [27].
Despite of the well-deﬁned location of molecular hinges
responsible for domain movements evidence is still missing
for the requirement of both substrates for domain closure.
These hinges (as deduced from comparison of the open and
closed conformations of various PGK–substrate complexes
in the crystal) are located at the N- and the C-terminal ends
of the interdomain helix 7 [18,28] as well as in the b-strand L
in the interdomain region [29]. It has been demonstrated that
the relative position of the two domains is closely correlated
with the conformation of bL, which is therefore proposed to
be the main hinge [29], as illustrated in Fig. 1, where two open
(blue and green) and two closed (orange and red) PGK crystal
structures are superimposed according to their C-terminal do-
main. Molecular contacts have been also identiﬁed upon sepa-
rate binding of each substrate, which describe the possible
route of transmission of the substrate-induced structural eﬀects
from one domain to the other [30]. Yet, the operation of the
main molecular hinge is still has to be elucidated in terms of
atomic details and of substrate binding.
In order to answer the question of necessity of binding of a
single or both substrates for domain closure and to ﬁnd satis-
factory structural rationale for separate or concerted action of
the two substrates, we have carried out simultaneous SAXS
measurements in solution and molecular graphical analysis
(focused on the main hinge at bL) of the known high resolu-
tion crystal structures of various binary and ternary enzyme–Fig. 1. Comparison of the open and closed conformations of PGK
molecule and illustration of the hinge at b-strand L. The Ca traces of
the molecules of open conformations of the 3-PG binary complex of
pig muscle (blue [11]) and of MgADP binary complex of Bs (green [12])
PGK-s, as well as closed conformations of MgADP*3-PG ternary
complex of Tb (red [43]) and MgAMP-PNP*3-PG ternary complex of
Tm (orange [19]) PGK-s are superposed according to the backbone
atoms of the core b-sheets of the C-terminal domain. The b-strand L in
all structures is highlighted by ribbons and the bound substrates
(analogues) are shown by ball and stick models.substrate complexes. To this end we present here a comprehen-
sive picture about the details of operation of the main molec-
ular hinge of PGK, under the synergistic action of the two
substrates.2. Materials and methods
2.1. Enzyme and chemicals
Wild type human PGK was expressed in E. coli BL21-CodonPlus
(DE3)-RIL (Stratagene) strain, puriﬁed and stored as described previ-
ously [27]. Na-salts of 3-PG, 3-phospho-D-glycerate 1-phosphotrans-
ferase (ATP) and ADP were from Boehringer. The substrates,
MgATP and MgADP, were formed by addition of MgCl2 (Sigma) to
ATP or ADP. The dissociation constant of MgATP and MgADP were
taken to be 0.1 and 0.6 mM, respectively, obtained by averaging the
data in the literature [31–35].
2.2. SAXS measurements and data processing
Synchrotron radiation X-ray scattering data were collected on the
X33 beam line [36,37] at the Hamburg EMBL Outstation (on the
DORIS III storage ring, at DESY). Solutions of wild type human
PGK, its binary complexes with 3-PG, MgATP or MgADP and the
ternary complexes of PGK with 3-PG plus MgATP and PGK with
3-PG and MgADP in 50 mM Tris/HCl buﬀer, pH 7.5, containing
1 mM dithiothreitol, 1 mM EDTA were measured at protein concen-
trations in the range from 4.0 to 20 mg/ml using a MAR345 Image
Plate at a sample-detector distance of 2.4 m and wavelength
k = 1.5 A˚, covering the momentum transfer range 0.012 < s <
0.45 A˚1 (s = 4psin(h)/k where 2h is the scattering angle).
To check for radiation damage two 2-min exposures were compared;
no radiation eﬀects were observed. The data were averaged after nor-
malization to the intensity of the incident beam, corrected for the
detector response, and the scattering of the buﬀer was subtracted.
The diﬀerence data were extrapolated to zero solute concentration fol-
lowing standard procedures. All data manipulations were performed
using the program package PRIMUS [38].
The forward scattering I(0) and the radius of gyration Rg were eval-
uated using the Guinier approximation [39] assuming that at very small
angles (s < 1.3/Rg) the intensity is represented as I(s) = I(0)
exp((sRg)2/3). These parameters were also computed from the entire
scattering patterns using the indirect transform package GNOM [40].
The molecular masses of the solutes, evaluated by comparison of the
forward scattering with that from reference solutions of bovine serum
albumin, were compatible with the monomeric state of the enzyme for
all samples.
The radii of gyration and the scattering patterns from the crystallo-
graphic models of wild type PGK and its complexes were computed
using the program CRYSOL [41]. Given the atomic coordinates, the
program ﬁts the experimental intensity by adjusting the excluded vol-
ume of the particle and the contrast of the hydration layer to minimize
the discrepancy, deﬁned by v2:
v2 ¼ 1
N  1
X
j
I expðsjÞ  cIcalcðsjÞ
rðsjÞ
 2
ð1Þ
where N is the number of experimental points, c is a scaling factor,
Iexp(sj) and Icalc(sj) are the experimentally determined and calculated
intensities, respectively; and r(sj) the experimental error at the momen-
tum transfer sj.
2.3. Molecular graphical analysis
For visualizing and analysing the molecular details of the 10
investigated PGK structures the Insight II (Biosym/MSI, San Diego,
CA) software was used. The pdb codes of the protein co-ordinates used
in structural comparisons are as follows: 1PHP (Bacillus stearothermo-
philus PGK*MgADP [12]), 1VJC (pig muscle PGK*MgATP [17]),
1HDI (pig muscle PGK*3PG*MgADP [29]), 1KF0 (pig muscle
PGK*3PG*MgAMP-PCP [42]), 13PK (Trypanosoma brucei
PGK*3PG*MgADP [43]), 1VPE (Thermotoga maritima
PGK*3PG*MgAMP-PNP [19]) and 3PGK (substrate-free yeast PGK
[10]). The pdb co-ordinates of pig muscle PGK*3PG binary [11], pig
2700 A. Varga et al. / FEBS Letters 580 (2006) 2698–2706muscle PGK*3PG*MnAMP-PNP [44] and of the substrate-free pig
muscle PGK [42] were obtained from the authors. For the graphical
comparison a structure-based sequence alignment, prepared by us pre-
viously [29,30], was used. The molecular contacts including and prox-Fig. 2. Comparison of the experimental and the calculated SAXS scattering
substrates (1), as well as in the presence of 20 mM 3-PG (2), 10 mM ATP plus
PG, 10 mM ATP plus 12.5 mM MgCl2 (5) and 20 mM 3-PG, 2.5 mM ADP p
plotted as a function of the momentum transfer s. In (A) the successive curv
Dots (with error bars): experimental data, solid lines: best ﬁts from the cry
comparison of the higher angle scattering from an open form (substrate-free P
is displayed. The curves (1) and (5) are representative for open and closed fo
curves (6) is similar to (5).
Table 1
Comparison of SAXS experimental parameters with those of the crystallogr
SAXS experiments Discrepancy v2 between th
Investigated PGK
complexes
Rg (experimental), A˚
a Open crystal structures
GNOM Guinier Pig PGK
(no ligand)
Bs PGK
MgADP bin
No ligand 23.9 ± 0.5 24.2 ± 0.1 2.746 4.332
Binary
3-PG 23.3 ± 0.7 23.8 ± 0.2 2.678 5.329
MgATP 23.2 ± 0.6 23.4 ± 0.2 3.855 2.848
MgADP 23.5 ± 0.7 23.7 ± 0.2 1.486 3.235
Ternary
MgATP*3-PG 22.5 ± 0.5 23.0 ± 0.2 6.140 6.044
MgADP*3-PG 23.4 ± 0.5 23.9 ± 0.2 2.303 3.522
Rg (theoretical) (A˚)
b 24.25 24.34
Molecular mass (kDa)b 43.7 43.2
The minimum values of discrepancy (in bold) indicate the best correlation
complexes exhibit good agreement with the closed crystal structures, while th
open crystal structures.
The small variations in the calculated molecular mass are due to diﬀerent num
these variations was checked by deleting appropriate numbers of amino aci
impact on the discrepancy values compared to the opening and closure of the
any of the above conclusions.
aThe experimental Rg values are computed by two alternative methods, usin
bRadius of gyration and molecular mass of the high resolution models as re
cTernary1 and ternary2 denote MgAMP-PNP*3-PG and MgADP*3-PG ternimal to b-strand L were enumerated, within the protein and between
the protein and the substrates, for all the investigated structures. Fol-
lowing common practice, only distances below 3.50 A˚ were attributed
to atomic interactions.curves for PGK. The experiments were carried out in the absence of
12.5 mMMgCl2 (3), 2.5 mM ADP plus 12.5 mMMgCl2 (4), 20 mM 3-
lus 12.5 mM MgCl2 (6). The logarithm of the scattering intensity (I) is
es are displaced down by one logarithmic unit for better visualization.
stallographic models (cf. Table 1) computed by CRYSOL [41]. In (B)
GK, (1)) and from a closed form (3-PG*MgATP ternary complex, (5))
rms, respectively, i.e. the curves (2), (3) and (4) are similar to (1); the
aphic models
e scattering from crystallographic models and experimental data
Closed crystal structures
ary
Pig PGK
MgATP binary
Pig PGK
3-PG binary
Tm PGKc
ternary1
Tb PGKc
ternary2
3.524 3.158 9.135 9.560
3.297 1.958 6.052 6.125
2.409 3.389 3.179 3.910
1.627 1.140 5.151 6.193
4.656 5.307 2.247 1.611
2.795 2.049 2.018 2.922
24.02 23.97 23.26 22.64
43.6 43.8 43.7 45.3
between SAXS data and crystallographic model. Only the ternary
e unliganded PGK and the binary complexes better correlate with the
bers of residues resolved in diﬀerent crystal structures. The inﬂuence of
ds from more complete models. These deletions yielded only marginal
structure conﬁrming that the small variations in mass did not inﬂuence
g the program GNOM and Guinier approximation, respectively.
trieved from the PDB.
ary complexes, respectively.
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3.1. Substrate-caused conformational changes of human PGK as
detected by SAXS
The scattering curves of human PGK in the absence of sub-
strates and of the binary complexes with 3-PG, MgATP or
MgADP, as well as of the ternary complexes with 3-PG plus
MgATP (the functional complex) and with 3-PG plus MgADP
(a non-functional complex) are presented in Fig. 2A. The exper-
imentally determined radii of gyration (Rg) are summarized in
Table 1. A signiﬁcant decrease of Rg is detected in the presence
of both substrates, similar to previous observations with the pig
muscle PGK [23]. This decrease is compatible with the change
expected upon domain closure, as seen from the Rg values com-
puted from the crystal structures (Table 1). In contrast, none of
the binary complexes exhibited signiﬁcant changes of the Rg
compared to the substrate-free protein.
To validate the available crystal structures further, the com-
puted scattering proﬁles were systematically screened against
the experimental scattering data and the discrepancy between
the theoretical and measured curves are summarized in Table
1. For the substrate-free-enzyme and all binary complexes, the
best ﬁts (presented in Fig. 2A) were obtained for the crystal
structures, representing open domain conformation. This is ex-
pressed numerically by the discrepancy v2 values between the
experimental scattering data and the corresponding crystallo-
graphic models (Table 1). There is only one apparent exception
for the MgADP binary complex, where the Bacillus stearother-
mophilus (Bs) 1 PGK [12] model does not yield the best ﬁt to the
data. The reason is most probably the extra loop between G128
and K145, which is present in pig (and certainly in human), but
missing in Bs PGK. The scattering data of the MgADP binary
complex, however, correlate rather well with all of the three
other open crystal structure models. These results clearly dem-
onstrate that all these binary complexes exhibit an open domain
conformation, both in crystal and in solution. Since in solution
no conformational restriction by the crystal lattice forces exists,
the open structures observed in the crystals of 3-PG binary [11],
of MgATP binary [17] complexes of pig muscle PGK and of the
MgADP binary complex of Bs PGK [12] are not artefacts, and
can be used in structural comparisons (see below).
Concerning the functional MgATP*3-PG ternary complex
of human PGK, the present SAXS-based analysis provided
unequivocal result in favour of domain closure showing the
best ﬁt to the completely closed T. brucei (Tb) PGK [43] crystal
structure (Table 1). This is in good agreement with the earlier
SAXS results with yeast [24] and pig muscle [23] PGK-s. In
case of MgADP*3-PG ternary complex of human PGK, how-
ever, the best ﬁt was obtained to the largely (but not com-
pletely) closed (cf. Fig. 1) T. maritima (Tm) PGK [19]
structure (Table 1). This means that MgADP and 3-PG do
close the domains in the unproductive ternary complex, but
not as much as MgATP and 3-PG in the functioning complex.
The characteristic features of the scattering proﬁles of the ter-
nary complexes (curves (5) and (6) in Fig. 2A) are the less pro-
nounced shoulder at s = 0.18 A˚1 and the more pronounced
maximum at s = 0.25–0.30 A˚1. These alterations in the scat-
tering proﬁle upon domain closure are clearly visible in1 Numbering of residues throughout the text refers to pig muscle PGK
sequence, unless quoted diﬀerently, as e.g. Bs (Bacillus stearothermo-
philus), Tm (Thermotoga maritima) and Tb (Trypanosoma brucei).Fig. 2B, where the scattering patterns of the MgATP*3-PG ter-
nary complex (5) and the open form of unligated PGK (1) are
directly compared. These features of the ternary complexes are
much better represented by the closed Tm PGK and Tb PGK
models than by any of the open crystallographic models.
It is also notable that the experimental data from the human
PGK ternary complexes are incompatible with the theoretical
curves (not illustrated) calculated from the open crystal struc-
tures of MgADP*3-PG [29], MnAMP-PNP*3-PG [44] and
MgAMP-PCP*3PG [42] ternary complexes of pig muscle
PGK. These results also imply that these open structures are
crystallographic artefacts, as it was also proposed by analysing
the nature of the lattice forces operating in these crystals [21].
Such kind of lattice forces are absent in the crystals of the
closed ternary complexes of Tb [43] and of Tm [19] PGK-s,
and, indeed, as shown above, the solution scattering curves
from human PGK ternary complexes correlate well with the
curves computed from the closed structures of Tb and Tm
PGK-s (Table 1 and Fig. 2).
In summary, with the exception of pig muscle PGK ternary
complexes, SAXS and crystallographic data correlate well,
supporting the view that simultaneous binding of both sub-
strates to PGK are required for complete domain closure.
The present analysis, using a systematic screening of the entire
computed scattering patterns against the experimental data, is
much more conclusive than previous SAXS studies, based so-
lely on the values of the radii of gyration (which might be dis-
turbed e.g. by aggregation or concentration eﬀects).
3.2. Structural eﬀects of the two substrates on the main hinge: a
double switch mechanism of domain closure
To further compare the consorted eﬀect of both substrates
with their separate eﬀects, molecular contacts of the main
hinge region (b-strand L) of PGK, as determined in 10 diﬀer-
ent crystal structures, including the substrate-free enzyme and
its binary and ternary complexes with substrates (or ana-
logues) were analyzed. Although each static structure reﬂects
time and space average of numerous dynamic structures, the
crystal structures of the various enzyme–substrate complexes
can be considered as representatives of various stages of sub-
strate-caused conformational changes on the route from open
to closed domain conformations. Our comparison is based on
this rationale. The inter-atomic distances in the most relevant
structures are listed in Table 2.
As expected, the crucial C-terminal part of b-strand L and
the connecting loop towards helix 14, i.e. the part, which con-
formation is characteristically changed between the open and
domain-closed structures (Fig. 1), is a highly conserved region.
It includes the sequence Ser 392-Thr 393-Gly 394-Gly 395-Gly
396-Ala 397-Ser 398 (mammalian PGK numbering). Among
these residues even the less conserved Ser 398 is identical at
least up to 80% among the 168 PGK sequences available in
ExPASy Molecular Biology Server. From Table 2, it is evident,
that independent of the presence of substrates, the functional
OH-groups of Ser 392/Bs370/Tm373/Tb395, Thr 393/Bs371/
Tm374/Tb396 and Ser 398/Bs376/Tm379/Tb401 form three
invariable H-bonding interactions with the peptide N- and
O-atoms of this region, existing in all the known PGK crystal
structures (also in those structures not listed in Table 2). These
H-bonds, therefore, contribute to the basic folding feature of
this region, which is independent of substrate binding or the
conformational states of the protein molecule, but which
Table 2
Lists of the atomic contacts in the main hinge region at b-stand L
Structural elements
involved
Pig muscle PGK (open) B. stearotherm ophilus PGK (open) T. maritima PGK (closed) T. brucei PGK (closed)
Atom1 Atom2 Substrate
free
3-PG
binary
Atom1 Atom2 MgADP
binary
Atom1 Atom2 Ternary Atom1 Atom2 Ternary
H1-bL R38:NE T393:O 5.81 4.04 R36:NE T371:O 5.57 R36:NE T374:O 4.40 R39:NE T396:O 2.88
R38:NH1 T393:O 6.12 3.53 R36:NH1 T371:O 6.73 R36:NH1 T374:O 5.19 R39:NH1 T396:O 4.64
R38:NH2 T393:O 5.16 2.68 R36:NH2 T371:O 4.76 R36:NH2 T374:O 2.90 R39:NH2 T396:O 2.93
R38:NE T393:OG1 8.21 5.70 R36:NE T371:OG1 7.52 R36:NE T374:OG1 3.30 R39:NE T396:OG2 5.33
3PG-H1 3-PG:O1 R38:NH1 3.52 3-PG:O1 R36:NH1 2.71 3-PG:O1 R39:NH1 2.74
3-PG:O2 R38:NH1 4.06 3-PG:O1 R36:NH2 3.07 3-PG:O1 R39:NH2 3.21
Nucleotide-H13
and bJ
T375:N ADP:bO1 S353:N 2.89 aA-NP:bO1 S356:N 2.92 ADP:bO1 S378:N 2.95
T375:OG1 ADP:bO1 S353:OG 2.60 aA-NP:bO1 S356:OG 2.42 ADP:bO1 S378:OG 2.72
N336:OD1 ADP:bO3 N316:ND2 2.79 aA-NP:N N317:OD1 3.02 ADP:bO3 N338:ND2 3.04
G373:N ADP:bO2 G351:N 3.31 aA-NP:bO2 G354:N 3.25 ADP:bO2 G376:N 3.42
G373:N aA-NP:cO2 G354:N 2.96
bK-H14 G371:O S398:OG 5.45 2.76 G349:O S376:OG 7.01 G352:O S379:OG 5.45 G374:O S401:OG 6.41
bK-bJ G371:O N336:ND2 6.55 4.21 G349:O N316:ND2 3.04 G352:O N317:OD1 3.39 G374:O N338:ND2 2.72
bK-bL I370:O S392:N 2.97 2.90 I348:O S370:N 2.90 V351:O S373:N 2.65 I373:O S395:N 2.70
G372:N S392:O 4.62 4.16 G350:N S370:O 5.36 G353:N S373:O 2.73 G375:N S395:O 3.46
G372:N G394:O 4.47 4.90 G350:N G372:O 7.20 G353:N G375:O 4.84 G375:N G397:O 3.24
Within bL T393:OG1 G394:N 3.30 3.37 T371:OG1 G372:N 3.31 T374:OG1 G375:N 3.32 T396:OG1 G397:N 3.42
S392:OG T393:N 3.51 3.10 S370:OG T371:N 3.09 S373:OG S374:N 3.07 S395:OG T396:N 3.01
S392:OG G394:N 4.03 2.97 S370:OG G372:N 3.42 S373:OG G375:N 3.23 S395:OG G397:N 2.84
H13-bL G373:N T393:O 6.40 6.54 G351:N T371:O 7.75 G354:N T374:O 3.31 G376:N T396:O 5.10
bL-H14 S392:OG S398:OG 4.38 4.58 S370:OG S376:OG 2.72 S373:OG S379:OG 5.04 S395:OG S401:OG 3.00
G394:O S398:OG 3.04 2.63 G372:N S376:OG 3.49 G375:O S379:OG 2.99 G397:O S401:OG 2.59
Atomic distances are given in A˚s for the most characteristic open and closed crystal structures, selected from the total investigated 10 ones. The H-bonding and ionic interactions that are formed upon
substrate binding or upon domain closure are indicated in bold.
aA-NP stands for AMP-PNP (see abbreviations).
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usual H-bonds between the peptide atoms of parallel parts of
the b-strands K and L (e.g. between Ile 370/Bs348/Tm351/
Tb373:O and Ser 392/Bs370/Tm373/Tb395:N) may have simi-
lar roles. A part of the invariant H-bonds (dashed black lines)
is shown in Fig. 3.
For the present analysis, however, the most interesting
atomic contacts are formed exclusively in the speciﬁc en-
zyme–substrate complexes, especially in the closed ternary
complex structures, in addition to the contacts already pres-
ent in the respective binary complexes. Several PGK ternary
complex crystal structures are available from various sources
[18,19,29,42,44], but some of them are open structures
[29,42,44]. As shown by the above SAXS analysis, these
open structures must be crystallographic artefacts. Therefore,
in the present analysis these open structures were considered
as binary complexes. There are only two structures that ex-Fig. 3. Mechanism of operation of the hinge at b-strand L under the synergi
and its surroundings are shown in the open conformations of the 3-PG binary
of Bs (green [12]) (B) PGK-s, as well as in the closed conformations of MgAD
ternary complex of Tm (orange [19]) (D) PGK-s. The b-strand L and the sequ
of the b-strands J and K are also shown. The bound substrates (or analogues)
as dashed black lines. The contacts formed upon 3-PG and nucleotide bindin
H-bonds formed upon domain closure are indicated by black double-sided ahibit really closed conformations, namely, the abortive ter-
nary complex of Tb PGK with 3-PG and MgADP [18]
and the ternary complex of Tm PGK with 3-PG and
MgAMP-PNP (an unreactive analogue of MgATP) [19].
The atomic contacts in the main hinge b-strand L, exclu-
sively characteristic of the closed conformations of Tb and
Tm PGK-s (2.5 and 2.0 A˚ resolutions, respectively) are se-
lected on the basis of comparison to the open structures of
the two available binary complexes with 3-PG (2.0 A˚ resolu-
tion, pig muscle PGK, [11]) and with MgADP (1.6 A˚ resolu-
tion, Bs PGK, [12]). The structure-based sequence alignment
was performed to compare of PGK-s from various sources.
The contacts characteristic of each binary complex and of
the closed conformations are listed in Table 2 and depicted
in Fig. 3.
It is shown that, in addition to the permanent invariant H-
bonds (dashed black lines), further contacts are formed instic action of both substrates. Molecular contacts including b-strand L
complex of pig muscle (blue [11]) (A) and of MgADP binary complex
P*3-PG ternary complex of Tb (red [43]) (C) and MgAMP-PNP*3-PG
entially following helix 14 are highlighted by ribbons and the Ca traces
are shown by ball and stick models. The permanent H-bonds are shown
g are indicated by cyan and light green arrows, respectively (A–D). The
rrows (C and D).
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or MgADP (Fig. 3B) in the open conformations of their binary
complexes (blue and green colours, respectively). As noted ear-
lier [11,30], upon binding of 3-PG a new contact is formed be-
tween one of the two NH atoms of Arg 38/Bs36/Tm36/Tb39
(the residue involved in electrostatic interaction with the car-
boxylate of 3-PG) and the peptide O-atom of Thr 393/Bs371/
Tm374/Tb396. This important new interaction connects the
N- and C-terminal domains. As an extension of this H-bond
network, a new strong H-bond is formed between the OH-
group of Ser 392/Bs370/Tm373/Tb395 and the peptide N-atom
of Gly 394/Bs372/Tm375/Tb397. These H-bonds are character-
istic of all the known PGK crystal structures that bind 3-PG,
independent of their conformational (open or closed) states.
There is another noticeable H-bond between the peptide O-
atom of Gly 371/Bs349/Tm352/Tb374 and the OH–group of
Ser 398/Bs376/Tm379/Tb401, but it can only be observed in
the 3-PG binary complex [11] among the 3-PG binding struc-
tures. Thus, this H-bond on itself may not be relevant for
the domain closure, but it still indicates a close distance be-
tween the N-termini of helices 13 and 14, which is not the case
for the substrate-free enzyme. Movement of helix 14 upon 3-
PG binding, indeed, was reported [11,18].
In the MgADP-bound structure (Fig. 3B) the b-phosphate
O-atoms of the nucleotide are linked through well-formed
H-bonds to the OH-group of Thr/Ser 375/Bs353/Tm356/
Tb378, the residue located in helix 13 (sequentially preceding
b-strand L), as well as to the peptide N-atoms of the same
residue and of Gly 373/Bs351/Tm354/Tb376. There are also
further contacts of MgADP with helix 13, noted elsewhere
[12]. Furthermore, due to the simultaneous interaction of
the b-phosphate of MgADP with the conserved Asn 336/
Bs316/Tm317/Tb338 from the b-strand J, this strand is ﬁxed
together with the connected b-strand K and with the sequen-
tially following helix 13 within the C-domain upon the
nucleotide binding. As a consequence, Asn 336/Bs316/
Tm317/Tb338 directly interacts with the peptide O-atom of
Gly 371/Bs349/Tm352/Tb374 at the N-terminus of helix 13.
These new interactions, also characteristics of other PGK
complexes, in which the bound nucleotide interacts with he-
lix 13 and thereby inducing a typical conformational change
at the N-terminus of this helix. Due to this change, the N-
atom of the sequentially next Gly 372/Bs350/Tm353/Tb375
is now directed towards the b-strand L, but no detectable
interaction is yet formed with it. Thus, in contrast to the
3-PG binary complex, no deﬁnitive new contact is formed
with b-strand L in the binary complex with the nucleotide.
In spite of this, a new strong H-bond is observed at the
end of b-strand L between the OH-groups of the serines
392/Bs370/Tm373/Tb395 and 398/Bs376/Tm379/Tb401. This
bond can stabilize a certain conformational state of b-strand
L. The H-bond between the OH-group of Ser 392/Bs370/
Tm373/Tb395 and the peptide N-atom of Gly 394/Bs372/
Tm375/Tb397, characteristic of 3-PG binding, may be also
present here, but in a weaker form. The exceptional behav-
iour of certain nucleotide complexes (such as of MgATP
or MgAMP-PCP) may be related to the diﬀerent binding
modes of these nucleotides to PGK in some crystals, show-
ing no interactions with helix 13 [17,27,42].
Fig. 3C illustrates the atomic interactions of the same region
as determined in the completely closed crystal structure of Tb
PGK ternary complex (coloured as red). Most of the contactsare formed separately in 3-PG and MgADP binary complexes
(indicated by cyan and green, respectively), only few additional
contacts (Table 2) are formed. Among them there is a new con-
tact between the NE atom of Arg 38/Bs36/Tm36/Tb39 and the
peptide O-atom of Thr 393/Bs371/Tm374/Tb396, which further
strengthens the interaction between the two domains. This con-
tact, however, is not really characteristics of the closed confor-
mation, since this bond also exists in the open conformations of
all three pig muscle PGK ternary complexes. There are, how-
ever, two other, more interesting peptide H-bonds (denoted
by black arrows in Fig. 3C) from the same atom of Gly 372/
Bs350/Tm353/Tb375(N) to Ser 392/Bs370/Tm373/Tb395(O)
and to Gly 394/Bs372/Tm375/Tb397(O). Neither of these bonds
exists in any open PGK conformations. The ﬁrst one creates a
new contact of bLwith the closest other strand, bK, i.e. between
the b-strands before and after helix 13, in sequence. The second
one connects the N-terminus of helix 13 to the end of bL, i.e. to
the N-terminus of the following helix 14. In this way the helices
before and after bL, in sequence, are connected. These new H-
bonds, characteristic of the ternary complex, constitute an
extension of the H-bond network (part of which already exists
in the respective binary complexes), as a consequence of the
simultaneously formed H-bonds on both sides of the hinge, un-
der the concerted action of 3-PG and MgADP. In spite of the
small number of the new contacts, the shape of b-strand L is
substantially changed (cf. Fig. 1). Thus, the bonds operating
in the binary complexes now act together to bring bL into a con-
formation strikingly diﬀerent from either binary complex. Ta-
ken together, these changes actually can be considered as
operation of a double-sided molecular switch, controlled by
simultaneous action of the two substrates, which can ﬁx b-
strand L in a conformation optimal for the closed state.
In the case of the other known, not fully closed structure of
the ternary complex of Tm PGK with 3-PG and the MgATP
analogue, MgAMP-PNP [19] one can ﬁnd a slightly diﬀerent
solution of the same problem. Although the structure of the
binary complex with MgAMP-PNP is lacking, from analysis
of the contacts operating in the main molecular hinge of the
closed Tm PGK structure (coloured as orange, Fig. 3D) a var-
iation of the mechanism may be deduced. In addition to the
contact between Arg 38/Bs36/Tm36/Tb39(NH) and the peptide
O-atom of Thr 393/Bs371/Tm374/Tb396, observed already in
the open structure of 3-PG binary complex, here again a new
contact is formed between the NE atom of Arg 38/Bs36/
Tm36/Tb39 and the OH-group of Thr 393/Bs371/Tm374/
Tb396, i.e. in the way diﬀerent from the case of the closed
structure of Tb PGK. This observation raises the possibility
that besides the peptide O-atom of this Thr, its conserved side
chain may also have a direct role in domain closure. The new
H-bonding interaction, found above for Tb PGK between the
atoms of Gly 372/Bs350/Tm353/Tb375(N) and Ser 392/Bs370/
Tm373/Tb395(O), also operates in Tm PGK (marked as black
arrow) and completes the H-bonding interactions between b-
strands L and K, similar to the closed structure of Tb PGK.
There is, however, a striking diﬀerence between the two closed
structures: the H-bond between Gly 372/Bs350/Tm353/
Tb375(N) and Gly 394/Bs372/Tm375/Tb397(O), characteristic
of Tb PGK, is replaced by the bond between Gly 373/Bs351/
Tm354/Tb376(N) and Thr 393/Bs371/Tm374/Tb396(O) atoms
in Tm PGK (marked as black arrow). Thus, these two bonds
are formed alternatively in the two closed structures. At the
same time the contact between the OH-groups of the two ser-
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characteristic of the MgADP-bound structures of both binary
and the ternary complexes, is suspended in case of MgAMP-
PNP binding to Tm PGK.
It is reasonable to assume that the formation of the new H-
bond between Gly 373/Bs351/Tm354/Tb376(N) and Thr 393/
Bs371/Tm374/Tb396(O) atoms is greatly helped by simulta-
neous interactions of both the b- and c-phosphate O-atoms
of MgAMP-PNP with the same Gly Tm354(N) atom. In this
way, from one side, the nucleotide eﬀect is transmitted towards
the peptide O-atom of Thr 393/Bs371/Tm374/Tb396 in bL, i.e.
exactly where the eﬀect of 3-PG is transmitted from the other
side through the above shown interactions with Arg 38/Bs36/
Tm36/Tb39. These two sided interactions of Thr 393/Bs371/
Tm374/Tb396 in Tm PGK, under the simultaneous control
of both 3-PG and the nucleotide, may be considered here as
a variant of the above suggested double switch mechanism.
The characteristic diﬀerences, that can be observed both in
the molecular contacts (Fig. 3C and D) and in the conforma-
tions of bL (cf. Fig. 1) in the two diﬀerently closed PGK struc-
tures direct our attention to the fact that this hinge region is a
very mobile part of the molecule, which possibly adopts diﬀer-
ent conformations between the completely open and the closed
states.
Molecular dynamics calculations by Chandra et al. [45]
could also generate domain closure and describe the process
at the level of relative movements of the key helices (numbered
7, 13 and 14) of the interdomain region. Their model does not
deal with either any atomic details or the conformational
change of bL, and only qualitatively support (the hinge-bend-
ing is overestimated) the existence of the other hinges at the C-
and N-termini of the interdomain helix 7, as deduced earlier
from the X-ray data obtained for Tb PGK [18]. Our previous
graphical analysis [29] goes far beyond these works by identi-
fying the main hinge point of PGK at bL. Moreover, here
we give a detailed description of the operation of this main
molecular hinge at atomic level. It seems also plausible that
the main hinge itself directs the operation of the other hinges
at the termini of helix 7 through the permanent molecular con-
tacts existing in the well-structured interdomain region. A spe-
ciﬁc way of propagation of the conformational eﬀect through
the atomic contacts of completely conserved side-chains has
been described elsewhere [29,30] and makes the above picture
of the molecular events more complete. In accordance with
the primary role of bL, no characteristic changes of molecular
contacts of the conserved side-chains occur at the termini of
helix 7, there are notable changes only in the backbone H-
bond pattern, especially at its C-hinge [21]. Site-directed muta-
genesis with yeast PGK at the termini of helix 7 either did not
support [46] or did not provide clearly conclusive results [47] in
favour of the importance of the hinges at helix 7, in agreement
with their possible secondary role. Other mutations at the
interdomain region of yeast PGK (according to the mamma-
lian PGK numbering Glu 192 in helix 7 [48] and His 390 in
bL [49–51]) did not produce dramatic eﬀects on the kinetic
properties. It was concluded therefore, that cumulative eﬀect
of multiple interactions of the side chains in the interdomain
region (rather than individual residues) is likely to be respon-
sible for the eﬃcient mechanism of ligand induced domain
movement [50]. No mutagenesis studies have been carried
out with the conserved Ser and Thr side chains of bL in order
to test their importance in operation of the main hinge.Based on our present experimental data and molecular
graphical analysis, the essential molecular event of domain clo-
sure may be summarized as follows: two bound substrates
simultaneously direct the operation of a double molecular
switch at the b-strand L, leading to substantial conformational
changes of this main molecular hinge. Thus, under the
synergistic action of both bound substrates their separate min-
or eﬀects are enlarged resulting in a major change in the shape
of b-strand L, possibly at the expense of their binding energy.
This primary conformational change at bL is transmitted
through the interaction of the conserved residues towards the
other important hinges (e.g. termini of helix 7) and drives their
operation as described earlier [29,30].
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